99.9% repression. The sgRNA is a 102-nt-long chimeric noncoding RNA 12 , consisting of a 20-nt target-specific complementary region, a 42-nt Cas9-binding RNA structure and a 40-nt transcription terminator derived from S. pyogenes. We have demonstrated that binding of the dCas9-sgRNA complex to the nontemplate DNA strand of the protein-coding region blocks transcription elongation, as confirmed by native elongating transcript sequencing (NET-seq) experiments. When the sgRNA targets the promoter region, it can sterically prevent the association between key cisacting DNA motifs and their cognate trans-acting transcription factors, leading to repression of transcription initiation (Fig. 1) . The silencing is inducible and fully reversible and is highly specific in bacterial cells as measured by RNA-seq. Repression efficiency can be tuned by introducing single or multiple mismatches into the sgRNA base-pairing region or by targeting different loci along the target gene. Multiple sgRNAs can be used simultaneously to regulate multiple genes, to synergistically control a single gene for enhanced repression or for tuning silencing to achieve a moderate level of gene repression. Thus, CRISPRi presents an efficient and specific genome-targeting platform for transcription control without altering the target DNA sequence, and it can potentially be adapted as a versatile genome regulation method in diverse organisms.
Comparison with other targeted genome regulation methods
Several targeted gene regulation techniques have been widely used in the past, such as RNA interference (RNAi) 27, 28 or engineered DNA-binding proteins, including zinc-finger [29] [30] [31] or transcription (a) Depending on the target genomic locus, CRISPRi can block transcription elongation or initiation. When the dCas9-sgRNA complex binds to the nontemplate (NT) DNA strand of the UTR or the protein coding region, it can silence gene expression by blocking the elongating RNAPs. When the dCas9-sgRNA complex binds to the promoter sequence (e.g., the −35 or −10 boxes of the bacterial promoter) or the cis-acting transcription factor binding site (TFBS), it can block transcription initiation by sterically inhibiting the binding of RNAP or transcription factors to the same locus. Silencing of transcription initiation is independent of the targeted DNA strand. (b) The plasmid maps of the sgRNA and dCas9 expression vectors in E. coli. The sgRNA expression plasmid contains a promoter (constitutive-pJ23119 or inducible-p L tetO-1) with an annotated transcription start site (+1), an ampicillin-selectable marker (AmpR) and a ColE1 replication origin. The primer-binding sites for inverse PCR are highlighted. Three restriction sites EcoRI, BglII and BamHI are inserted to flank the sgRNA expression cassette to facilitate BioBrick cloning, so that new sgRNA cassettes can be repeatedly inserted into the striped box region. To ensure efficient transcription termination in E. coli, a strong terminator, rrnB, is added to the 3′ end of the sgRNA expression cassette. The dCas9 plasmid contains an aTcinducible p L tetO-1 promoter, a strong ribosomal binding site (RBS), a chloramphenicol-resistance marker (CmR) and a p15A replication origin. (c) The plasmid maps used for sgRNA and dCas9 expression in human cells. The sgRNA expression plasmid is based on the pSico lentiviral vector that contains a mouse U6 promoter, an expression cassette consisting of a CMV promoter, a puromycin-resistance gene (Puro) and an mCherry gene for selection or screening of the plasmid, an ampicillin-selectable marker and a ColE1 replication origin for cloning in E. coli cells. Transcription of the U6 promoter starts at the last nucleotide G (red color) within the BstXI restriction site. New sgRNAs can be inserted between the BstXI and XhoI sites. The primer extension and insertion sites for sgRNA cloning are shown. The restriction sites BamHI and NsiI can be used to facilitate the BioBrick cloning: new sgRNA cassettes can be repeatedly inserted into the striped box region using BioBrick. The dCas9 plasmid contains a human codon-optimized dCas9 gene expressed from the murine stem cell virus (MSCV) long terminal repeat (LTR) promoter and is fused to three copies of the SV-40 NLS at the C terminus with a 3-aa linker. The plasmid also contains a puromycin-resistance gene controlled by the PGK promoter. 36 . As the CRISPRi method is based on the use of sgRNAs with a gene-specific 20-nt-long complementary region, it presents a simple and inexpensive method for oligo-based gene regulation. As large-scale DNA oligonucleotide synthesis is becoming faster and cheaper, sgRNA libraries will allow targeting of large numbers of individual genes to infer gene function.
Limitations of the CRISPRi method
There are several potential limitations in using the CRISPRi method for targeted gene regulation. First, the requirement for an NGG PAM sequence for S. pyogenes Cas9 limits the availability of target sites in the genome. It has been shown that other Cas9 homologs use different PAM sequences 14, 24 , and a given CRISPR system may tolerate various PAM sequences during target interference 37, 38 . Indeed, recent studies have suggested that the S. pyogenes Cas9 protein could partially recognize an NAG PAM 19 , which might increase both the number of targetable genome sites and that of potential off-target sites. Therefore, exploiting different Cas9 homologs with different cognate PAMs, or exploring the PAM variability for a given CRISPR system, may either expand the targetable space if you are using more flexible PAMs or reduce potential off-target effects if you are using more stringent PAMs. Second, the targeting specificity is determined only by a 14-nt-long region (the 12 nt of the sgRNA and the 2 nt of the PAM), which might confer off-target effects in organisms with large genomes. The theoretical sequence length for unique targeting with a 14-nt recognition sequence is 268 Mb (4 14 ), which is only ~10% of the human genome. Genome-wide computational prediction of the redundant 14-nt recognition sites, with an eye toward the most up-to-date information regarding system-specific PAM variability, might be helpful to avoid offtarget effects. Alternatively, choosing other Cas9 homologs with a longer PAM might reduce nonspecific targeting. Third, the level of transcriptional repression in mammalian cells varies between genes. Much work is needed to elucidate the rules for designing sgRNAs with higher efficiency, such as understanding the role of local DNA conformation and chromatin in binding and in regulatory efficiency 39 .
Experimental design
The general workflow for sgRNA design, cloning and expression for targeted gene regulation is summarized in Figure 2 .
CRISPRi target site selection. CRISPRi targeting is largely based on Watson-Crick base-pairing between the sgRNA and the target DNA sequence, enabling relative straightforward and flexible selection of targetable sites within a genome. As reported previously, the binding specificity of the dCas9-sgRNA complex to the target DNA is determined by sgRNA-DNA base pairing and an NGG PAM motif 12 . The PAM site is essential for dCas9 binding to the DNA, limiting the number of targetable sites within a genome. To avoid off-target effects, we recommend searching the genome for the 14-nt specificity region consisting of the 12-nt 'seed' region of the sgRNA and 2 of the 3-nt (NGG) PAM in the genome, in order to rule out additional potential binding sites (Fig. 3) . Any sgRNA designed with more than one binding site should be discarded.
Targeting different sites in a gene allows the dCas9-sgRNA complex to exhibit different regulatory functions. To block transcription elongation, target either the nontemplate DNA strand of the protein-coding region or the untranslated region (UTR). In this case, the bound dCas9-sgRNA complex will act as a roadblock to the elongating RNA polymerase (RNAP), leading to aborted transcription. To inhibit transcription initiation, the dCas9-sgRNA complex should target either the template or the nontemplate strand of RNAP-binding sites (e.g., the −35 or −10 boxes of the bacterial promoter) or the cis-acting motifs within the promoter (e.g., transcription factor binding sites, TFBS), thereby acting as a steric block to cognate protein factors (Fig. 1a) .
The choice of the target sites also affects the level of transcription repression. By using fluorescent reporter genes in E. coli, we have observed that the repression is inversely correlated with the distance of the target site from the transcription start site 1 . Thus, to achieve better repression in bacteria, target sites within the 5′ end of the gene should be selected. In human cells, we recommend selecting multiple target sites within the promoter-proximal region (targeting either the template or nontemplate strand) or within the coding region (targeting the nontemplate strand), as epigenetic modifications and local chromatin structures might impede CRISPRi binding. Figure 3 , the chimeric sgRNA sequence is modularly composed of a base-pairing region (orange), a dCas9 handle hairpin (blue) and an S. pyogenesderived terminator sequence (gray). We have shown that truncating the base-pairing region to <20 nt could substantially dampen the repression efficiency, whereas extending the 5′ sequence of the base-pairing region with perfectly matched nucleotides (up to 40 nt) did not markedly improve repression 1 . Therefore, we recommend using a length of 20-25 nt as the base-pairing region. We note that extending the 5′ sequence of the sgRNA with mismatched nucleotides also decreases the repression efficiency, implying that the 5′-nucleotide context is important for targeting and gene repression (Fig. 4) . The interaction between dCas9 and the dCas9 handle hairpin is crucial for target binding. We suggest validating the secondary structure of the dCas9 handle for each sgRNA construct to ensure that this structure is maintained in different sequence contexts. The S. pyogenes terminator is introduced to mimic the natural RNA complex formation between crRNA and tracrRNA, which serves as a transcription terminator in bacterial cells and also probably stabilizes the sgRNA folding.
Chimeric sgRNA design. As shown in
Tuning the efficiency of sgRNA targeting. Single or multiple mutations introduced into the base-pairing region of the sgRNA can be used to tune the level of repression. We and others have shown that the 12-nt sequence that targets the region adjacent to the PAM site constitutes a seed region that is important for effective gene regulation 12, 19 . Mismatches in this region generally reduce the repression by 70-90% (ref. 1). A single mismatch in the other 8-nt sequence, however, only causes a mild decrease in the repression activity (<50%). Although much work is needed to understand the design principles of using mismatches to finetune repression, mismatched sgRNAs could be used for achieving different levels of gene regulation.
Multiplexed gene targeting.
The efficiency of gene repression can be enhanced by using multiple sgRNAs to simultaneously target the same gene. To achieve enhanced combinatorial repression, the target sites and PAMs of these sgRNAs should not overlap. Overlap between the target sites (either on the same strand or on the opposite strand) may result in competition and exclusive binding between multiple dCas9-sgRNA complexes, leading to a combinatorial effect that is lower than the repression achieved by each sgRNA individually. Similarly, multiple sgRNAs can be used to control multiple different genes simultaneously.
Cloning of sgRNAs.
As the chimeric sgRNAs are short in length, differing only in the 20-25 nt base-pairing region, we have used inverse PCR (iPCR) 40, 41 to mutagenize the base-pairing region when the vector is small (<5 kb). The method only involves a single PCR step and a blunt-end ligation step and can be scaled up to clone many sgRNAs using 96-well plates. When the vector is big (>5 kb), oligo PCR and digestion or ligation methods should be used to avoid PCR errors that might be introduced by iPCR reactions.
Multiple sgRNA cloning. To clone multiple sgRNAs into a single expression vector, we inserted compatible restriction enzyme sites (BglII and BamHI) to flank individual sgRNA expression cassettes as BioBrick parts (Figs. 1b,c and 5) 42 . By using the BioBrick assembly 42 sgRNA expression cassettes can be concatenated into a single expression vector.
Expression of sgRNAs.
The CRISPRi system is highly efficient in bacterial cells, and leaky expression of either the dCas9 protein or the sgRNA from an inducible promoter can lead to a moderate (~80%) repression level, as compared with the dCas9 or sgRNAonly controls. Thus, although we previously used multiple-copy plasmids and strong promoters, expression systems based on low-copy plasmids, genome integration and/or weaker promoters can be used in bacteria for effective repression. The main constraint is that the sgRNA requires a well-defined 5′ end for effective target binding, as mismatches introduced into this region dampen silencing effects (Fig. 4) . Therefore, promoters that start precisely at the 5′ end of the sgRNA, such as the BBa_J23119 synthetic E. coli promoter (http://parts.igem.org/), should be used for optimal repression 43 .
Design of functional validation assays. Functional assays using either flow cytometry or the measurement of β-galactosidase activity can be used to measure effects on protein expression if the target gene is fused to either a fluorescent protein or lacZ, respectively. Otherwise, quantitative methods such as qRT-PCR or genome-wide NET-seq could be used to measure the effects Mismatched sgRNA extension Perfectly matched sgRNA extension 5′   10  5  15  20 3′ -PAM DNA target 30 25 35 40 on transcription 44, 45 . NET-seq can also be used to infer the exact genome loci that are being disrupted by the dCas9-sgRNA complex. All assays should be performed in the same cell type with similar growth conditions, as CRISPRi efficacy can vary between cell types and growth conditions. For simplicity, we have used the E. coli K12 MG1655 strain for functional assays, but other strains of E. coli and other bacterial species can also be used.
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Controls.
As the negative control for the sgRNA expression, we recommend using a truncated sgRNA that lacks the base-pairing region but which contains the dCas9-binding hairpin, allowing the sgRNA to form a complex with dCas9. The primers for constructing the negative control sgRNA are shown in Table 1 .
The negative control for dCas9 expression is the same vector, with the dCas9-coding sequence knocked out of it. 1| Determine the DNA sequence of genes to be targeted using available genome databases [46] [47] [48] .
2| Select the DNA elements or loci to be targeted. For effective gene repression, the following elements or loci can be chosen 1 (Fig. 1a) : the nontemplate DNA strand of the 5′ portion of the gene-coding region; the nontemplate DNA strand of the 5′-UTR sequence; the −35 box or −10 box of the bacterial promoter (either the template or nontemplate strand); and cis-acting sites for trans-acting factor binding within the promoter (e.g., TFBS; either the template or nontemplate strand).
3|
Determine the sequence of the base-pairing region on the sgRNA (Fig. 3a) . To target the template DNA strand, search in the transcribed gene sequence (which is the same as the nontemplate DNA strand) for 5′-N (20~25) -NGG-3′. The sequence of N (20~25) will be used directly as the base-pairing region of the sgRNA. NGG is the PAM sequence that is recognized by the S. pyogenes Cas9 protein. To target the nontemplate DNA strand, search in the transcribed gene sequence for 5′-CCN-N`( 20~25) -3′. The reverse-complementary sequence of N`( 20~25) will be used as the base-pairing region of the sgRNA.  crItIcal step Some promoters require a particular nucleotide as the transcription start site. For example, the human or mouse U6 promoters require a G at the 5′ end of the transcript for effective transcription. Therefore, to use the U6 promoters for sgRNA expression, the first nucleotide of the transcribed sgRNA should be a G to maximize U6 promoter activity. The search pattern should be modified accordingly to reflect this requirement: 5′-GN (19~24) -NGG-3′ or 5′-CCN-N`( 19~24) C-3′ should be used for template or nontemplate strand targeting, respectively, and the sequence of GN (19~24) or the reverse-complement sequence of N`( 19~24) C will be used as the base-pairing region of the sgRNA.
4|
Check the specificity of sgRNA binding in the genome using the Basic Local Alignment Search Tool (BLAST; http://blast. ncbi.nlm.nih.gov) 49 . Do a BLAST search for the 14-nt specificity sequence in the whole genome on both the sense and antisense strands to predict potential off-targets (full sequence: 5′-N 12 -NGG-3′; N 12 is the seed region; Fig. 3a) . Use only sgRNAs without predicted off-targets.  crItIcal step To compute the off-targets of large numbers of sgRNAs, computational algorithms for genome mapping of the short nucleotides should be used, such as Seqmap (http://www-personal.umich.edu/~jianghui/seqmap/) 50 . To use Seqmap, search the sequence 5′-N 12 -NGG-3′ in the genome sequence of the target organism using the parameter setting '1 /output_all_matches', which allows the program to align the 5′-N 12 -NGG-3′ sequence to the genome sequence with one mismatch at the nucleotide N in NGG. Any sgRNA sequence that is mapped to multiple genomic loci should be discarded.
Some Blast tools do not support mismatch functionality in their search algorithm. If this is the case, the NGG can be replaced by AGG/CGG/GGG/TGG and searched individually.
5|
Generate the full length of sgRNA by appending the dCas9 handle and S. pyogenes terminator sequence (Fig. 3a) to the 3′ end of the base-pairing region. The dCas9 handle sequence is 5′-GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGC UAGUCCG-3′, and the S. pyogenes terminator sequence is 5′-UUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU-3′.
6|
Predict the secondary structure folding of the dCas9 handle hairpin once it is appended to the sgRNA. The sgRNA requires a properly folded 42-nt hairpin for dCas9 protein-binding (the dot-bracket RNA format 51 is (( (((((.((((.))) ).)))))))….). Predict the RNA secondary structure of the 62-nt region consisting of the base-pairing region and the 42-nt dCas9 handle using algorithms such as the online Quikfold algorithm from the UNAFold package 52, 53 (http://mfold.rna.albany.edu/ ?q=DINAMelt/Quickfold) or RNAfold from the ViennaRNA Package (http://www.tbi.univie.ac.at/~ronny/RNA/). Compute all suboptimal structures within 5% of the optimal structure. If any of the suboptimal folding results (for which the free energy is within 5% of the optimal fold) shows a properly folded dCas9 handle hairpin, keep the sgRNA and proceed.
7|
Confirm that the sgRNA sequence does not contain certain sequences, such as restriction enzyme sites for cloning (e.g., EcoRI, BglII and BamHI for bacterial sgRNAs; BstXI and XhoI for human sgRNAs) or transcription terminator sequences (e.g., more than four consecutive Us is a strong terminator for the U6 promoter 54 ).  crItIcal step We have observed that the internal poly-U sequence can make the sgRNA non-functional, probably due to premature transcription termination at the poly-U sequence.
8|
If partial repression efficiency is desired, introduce single or multiple mismatches into the sgRNA base-pairing region by mutating the nucleotide into its complementary nucleotide (i.e., A to T, G to C and so on.). We have observed that mismatches at the 5′ end of the sgRNA generally cause a milder decrease of repression activity compared with the mismatches at the 3′ end 1 .
? troublesHootInG 9| Choose sgRNA expression vectors. The bacterial sgRNA expression vector can be ordered from Addgene (ID no. 44251). Alternatively, other expression vectors can be used for sgRNA expression. These should contain a strong promoter that starts precisely at the 5′ end of sgRNA for optimal repression (Fig. 1b,c) .  crItIcal step We have cloned an E. coli sgRNA expression vector (Addgene ID no. 44251) that contains a minimal synthetic σ 70 promoter (pJ23119 (refs. 55,56) ; Fig. 1b ) with an annotated transcription start site, an ampicillin-selectable marker and a ColE1 replication origin; and an inducible E. coli sgRNA expression vector that contains an anhydrotetracycline (aTc)-induced p L tetO-1 promoter 57 with an annotated transcription start site, an ampicillin-selectable marker and a ColE1 replication origin. To express sgRNAs in mammalian cells, we have cloned a pSico-derived lentiviral mouse U6-based expression vector 58 (Addgene ID no. 44248). The transcription start site of the U6 promoter is the last nucleotide G within the BstXI restriction enzyme site (Fig. 1c) . The U6 vector also contains an expression cassette consisting of a CMV promoter, a puromycin-resistance gene and an mCherry gene for selection or screening purposes. ? troublesHootInG
High-throughput bacterial sgrna cloning with ipcr • tIMInG 2-3 d (5 h hands-on time) 10|
Order primers for cloning sgRNAs (Ec-F and Ec-R; table 1). The forward primers that contain different base-pairing regions should be ordered in the format of 96-well plates for a cheaper price and easy handling (e.g., from Integrated DNA Technologies).
11|
In a 96-well PCR plate, set up the reactions for 5′ phosphorylation of both forward and reverse primers using T4 polynucleotide kinase as described below, and incubate the plate at 37 °C for 1 h. Multichannel pipettes should be used to minimize pipetting. 
14|
After the PCR reaction has completed, use gel electrophoresis to verify that the PCR was successful. Cast a 1% (wt/vol) agarose gel in TAE with ethidium bromide (0.5 µg ml −1 ). Run the gel at 20 V cm −1 for 15 min. It is not necessary to check all samples; checking a dozen random samples is usually sufficient. Successful PCR samples should show a ~2,500-bp product.
? troublesHootInG 15| Purify the PCR reactions using a high-throughput 96-well PCR purification kit according to the manufacturer's directions. This generates linearized PCR products that contain new sgRNA sequences.
16|
In a 96-well plate, digest 2 µl of the PCR product using DpnI to remove the template sgRNA vector in a 10-µl reaction according to the manufacturer's instructions at 37 °C for 1 h.
17|
Without further purification or heat inactivation, self-ligate the DpnI digestion reactions using a Quick blunt-end DNA ligation kit.
18|
Transform the ligation reactions into One Shot TOP10 chemically competent E. coli cells according to the manufacturer's instructions.
19|
Pick single colonies into a 2-ml-deep 96-well plate (usually two colonies for each sgRNA cloned), each well containing 300 µl of LB medium with proper selective antibiotics. Use a sterile 20-µl pipette tip to touch a single colony, and swirl the tip in the LB medium to dissolve the colony. Incubate the 96-well plate at 37 °C overnight. 
22|
Clean up the PCR products using exonuclease I and shrimp alkaline phosphatase to remove residual primers and dNTPs, which interfere with the sequencing reactions. Follow the manufacturer's instructions for the clean-up and heat-inactivation steps.
23|
Sequence the colony PCR products with primer Ec-F-colony to identify the clones with correct sgRNAs by using commercially available sequencing services.
? troublesHootInG 24| After sequencing verification, inoculate overnight culture of the correct clones (one clone per sgRNA) from the 96-well plate into 5 ml of LB culture with proper selection antibiotic. Incubate the culture at 37 °C for 4 h to overnight.  pause poInt Correct clones from the 96-well overnight plate can be used to prepare glycerol stocks (500 µl of 40% (vol/vol) glycerol mixed with 500 µl of cell culture) and stored at −80 °C.
25|
Isolate plasmid DNA from the inoculated 5 ml of DNA cultures using the spin miniprep kit according to the manufacturer's instructions.
cloning of multiple bacterial sgrnas into a single expression vector with biobrick • tIMInG 2 d (6 h hands-on time)
26| Digest the donor sgRNA vector using both EcoRI and BamHI, and digest the sgRNA recipient backbone vector using both EcoRI and BglII (Fig. 5a) according to the manufacturer's instructions at 37 °C for 3 h.
27|
Separate the restriction enzyme-digested samples by electrophoresis in 1% (wt/vol) agarose gels; verify the fragment size by using a suitable DNA ladder. The correct size of the donor sgRNA fragment is ~500 bp, and the correct size of the backbone sgRNA fragment is 2,000 + 500 × N bp, where N is the number of sgRNA expression cassettes already cloned into the digested backbone vector. ? troublesHootInG 28| Extract the donor and backbone DNA fragments using the gel extraction kit according to the manufacturer's instructions.
29|
Ligate 150 ng of the donor DNA (sgRNA) with 50 ng of the backbone DNA using T4 DNA ligase according to the manufacturer's instructions.
30|
Transform the reactions into One Shot TOP10 chemically competent E. coli cells following the manufacturer's instructions.
31|
Identify correct clones by colony PCR and sequencing, as described in Step 23.  pause poInt Correct clones can be stored as glycerol stocks at −80 °C.
choice and cloning of bacterial dcas9 expression vector • tIMInG up to 3 d 32| The bacterial dCas9 expression vector can be ordered from Addgene (ID no. 44249). Alternatively, the catalytically inactive dCas9 gene can be cloned onto a custom expression plasmid that is compatible with the sgRNA vector. The compatible vector should contain a different selection marker (e.g., chloramphenicol) than the one used in the sgRNA vector (e.g., ampicillin) but a compatible plasmid origin of replication similar to the one used in the sgRNA vector (e.g., the p15A and pSC101 origins are compatible with the ColE1 replication origin in the in the sgRNA vector 57 ).  crItIcal step Weak promoters can be used to express dCas9 in E. coli, which is often sufficient for effective gene repression. In E. coli, we have cloned a bacterial dCas9 expression vector (Addgene ID no. 44249) that contains an aTc-inducible p L tetO-1 promoter, a chloramphenicol-resistance marker and a p15A replication origin.
E. coli gene repression strain construction • tIMInG 3 d (4 h hands-on time)
33| Co-transform the sgRNA expression vector from Step 25 or 31 alongside the dCas9 expression plasmid from Step 32 into competent E. coli strains of interest (e.g., MG1655 cells) according to the standard protocols 59 . The negative control for sgRNA expression is an sgRNA expression vector without the 20-nt base-pairing region. The negative control for dCas9 expression is a blank dCas9 expression vector without the dCas9-coding sequence. Plate the transformed bacteria on LB agar plates supplemented with the appropriate antibiotics.
? troublesHootInG  pause poInt Correct clones can be kept as glycerol stocks at −80 °C, and aliquots can be used for further experiments.
34|
Pick single colonies and cultivate cells in 300 µl of MOPS EZ rich defined medium containing 100 µg ml −1 carbenicillin and 34 µg ml −1 chloramphenicol in 96-well 2-ml-deep well plates overnight at 37 °C with shaking at 1,200 r.p.m., as previously described [60] [61] [62] .  crItIcal step The choice of growth medium might affect CRISPRi repression efficiency due to varied growth conditions. For the purpose of performing fluorescence assays or other growth assays, we recommend using a defined growth medium that is colorless, such as MOPS EZ rich defined medium. This often improves experimental reproducibility and allows for more quantitative measurements.
35| Add 1 µl of this overnight culture into 249 µl of fresh MOPS EZ rich defined medium with the same antibiotic concentrations and supplemented with 2 µM aTc. The aTc is added to induce the expression of the dCas9 protein and for the expression of sgRNAs from the p L tetO-1 promoter when used.
36| Grow cells to early log phase (~3 h) before subjecting them to different experimental conditions (e.g., the presence of chemicals) to determine the cellular phenotype caused by the targeted gene repression. If the target genes are fluorescent reporters, fluorescence expression can be assayed using flow cytometry, according to the manufacturer's instructions, and the absorbance and emission wavelength specifications for the particular fluorescent proteins used 63 . Each experiment should include triplicate cultures. Weigh 100 µg of frozen cells in a 50-ml tube prechilled with liquid nitrogen, and combine them with 500 µl of the following solution frozen in liquid nitrogen: Pulverize the mixture on a Qiagen TissueLyser II mixer mill six times at 15 Hz for 3 min. Resuspend the cell lysate on ice by pipetting, and add 110 µl of RQ1 DNase I; incubate the suspension for 20 min on ice. Add EDTA to lysate to a final concentration of 25 mM to quench the reaction, followed by centrifugation at 20,000g for 10 min at 4 °C. Load the lysate onto a PD MiniTrap G-25 column and elute with cell lysis buffer supplemented with 1 mM EDTA.
39|
Immunoprecipitate the transcription elongation complexes using an appropriate affinity tag on RNAP, such as the 3× FLAG epitope, as described in ref. 45 .
40|
Purify the nascent RNA using the miRNeasy mini kit (Trizol) and convert it to a DNA library using a previously established library generation protocol 64 .
41| Sequence the DNA library with deep coverage using a high-throughput next-generation sequencing platform, such as the Illumina Hiseq, and align to the appropriate reference genome. We recommend using Bowtie (http://bowtie-bio.sourceforge. net) for short read alignments.
cloning of human sgrna expression vector with oligo pcr • tIMInG 2-3 d (5 h hands-on time) 42| Order primers (293T-F and 293T-R) for sgRNA cloning (table 1) .  crItIcal step For best results, long primers (longer than 90 bp) should be ordered as Ultramer oligos (Integrated DNA Technologies) purified with desalting to remove small molecule impurities, which improves the PCR reaction efficiency.
43|
Digest the human sgRNA expression vector (Addgene ID no. 44248) with restriction enzymes BstXI and XhoI at 37 °C, for 4-16 h according to the manufacturer's instructions.
44|
Separate the restriction enzyme-digested samples by electrophoresis in a 1% (wt/vol) agarose gel using standard protocols. Verify the fragment size using a suitable DNA ladder; the correct band is at ~8 kb.
45|
Extract the ~8,000-bp-long vector DNA using the gel purification kit.
46|
Prepare the oligo PCR reaction for generating the sgRNA cassette:
Forward primer (293T-F), 10 µM 2.5
Reverse primer (293T-R), 10 µM 2. 49| Purify the PCR samples by using the PCR purification kit according to the manufacturer's directions.
50|
Digest the PCR product using both BstXI and XhoI in a 50-µl reaction according to the manufacturer's instructions, and then incubate the digestion reaction at 37 °C for 4 h.
51|
Clean up the digestion reaction using the PCR purification kit according to the manufacturer's directions.
52|
Measure the concentration of the digestion product with the NanoDrop spectrophotometer. 
58|
Purify the PCR samples by using the PCR purification kit according to the manufacturer's directions.
59|
Digest the PCR product with both BglII and NsiI, and digest the human sgRNA plasmid (receptor vector) using both BamHI and NsiI according to the manufacturer's instructions at 37 °C for 3 h (Fig. 5b) .
60|
Separate the restriction enzyme-digested samples by electrophoresis in 1% (wt/vol) agarose gels using standard protocols. Verify the fragment size: the correct size of the donor sgRNA fragment is ~500 bp, and the correct size of the backbone sgRNA vector is ~8 kb.
61|
Extract the donor and backbone DNA fragments by using the gel purification kit according to the manufacturer's instructions.
62|
Ligate the donor vector DNA fragment (150 ng) with the receptor vector DNA fragment (50 ng) by using a T4 DNA ligase according to the manufacturer's instructions (e.g., Roche, T4 DNA ligase).
63|
Transform the ligation product into One Shot TOP10 chemically competent E. coli cells according to the manufacturer's instructions.
64|
Identify correct clones using primers 293T-F-seq and 293T-R-seq by sequencing as described in Step 23.  pause poInt Correct clones can be stored as glycerol stocks at −80 °C.
choice and cloning of human dcas9 expression vector • tIMInG up to 3 d 65| Order the human codon-optimized catalytically inactive dCas9 gene from Addgene (ID nos. 44246 or 44247). Alternatively, the codon-optimized dCas9 gene can be cloned onto different human expression vectors (e.g., Clontech MSCV-Puro plasmid) according to the manufacturer's instructions.  crItIcal step The sequence encoding dCas9 should be fused with at least two copies of nuclear localization sequences (NLSs, e.g., SV40 NLS) for proper nuclear localization. We fused three copies of the SV-40 NLS to the 3′ end of dCas9 with a 3-aa linker (Addgene ID 44246). This protein can be expressed transiently, using standard expression vectors or stably using standard lentiviral or retroviral vectors. Importantly, because of the large size of dCas9, we have observed lower than expected viral titers for both standard lentiviral and retroviral systems. If higher titers are required, lentiviral supernatants can be concentrated using Lenti-X concentrator according to the manufacturer's instructions.
targeted gene repression in HeK293 cells • tIMInG 4 d (4 h hands-on time)
66| Culture HEK293 cells in DMEM supplemented with 10% (vol/vol) FBS, 2 mM glutamine, 100 U ml −1 streptomycin and 100 µg ml −1 penicillin.
67|
Transfect the HEK293 cells using any DNA transfection reagent (e.g., Mirus TransIT-LT1) with the manufacturer's recommended protocol. For transfection, seed a 24-well tissue culture plate with 50,000 HEK293 cells per well, 16-24 h before transfection. We transfect 0.5 µg of the dCas9 expression plasmid and 0.5 µg of the sgRNA expression plasmid per well.
? troublesHootInG
68|
As with all gene repression methods, the level of the overall effect depends on the level of suppression, the amount and half-life of pre-existing RNA and protein and the number of cell divisions before performing the measurement. We measured gene expression levels 72 h following transfection. To measure GFP expression by flow cytometry, trypsinize cells to a single-cell suspension and then analyze GFP fluorescence. The degree of repression is measured by comparing the median GFP fluorescence in cells expressing sgRNAs-targeting GFP with control cells that express the dCas9 vector alone or a nontargeting sgRNA.  crItIcal step To measure gene repression, we suggest using a puromycin selection step to ensure that all cells express dCas9 rather than relying on co-transfection of the sgRNA and Cas9-containing vectors. The dCas9 vector contains a puromycin-resistance marker, whereas the sgRNA vector contains a constitutive CMV promoter driving an mCherry gene.
To select a pure population of Cas9-expressing cells, we treat HEK293 cells with 3 µg ml −1 puromycin for 24 h. We then analyze expression of our fluorescent protein reporter (GFP) in the mCherry-positive population of cells, defined as cells with greater than tenfold brighter mCherry median fluorescence over the negative control cells. ? troublesHootInG
? troublesHootInG
Troubleshooting advice can be found in table 2.
